A novel compound bioflocculant, CBF-256, was obtained using three bacterial strains, Bacillus sp., Enterobacter sp., and Aeromonas sp., which were screened from activated sludge of a printing and dyeing wastewater treatment plant. Response surface methodology was employed to optimize the fermentation medium dosage to improve the flocculation rate of CBF-256, which increased from 69.00% to 82.65%. In addition the yield of the compound bioflocculant increased from 2.31 gÁL À1 to 2.84 gÁL À1 . The flocculating efficiency distribution of the components of the culture broth indicated that the supernatant was the most effective component in the flocculation process. Fourier transform infrared spectroscopy and scanning electron microscopy were used to analyze the fermentation medium and composite bacteria. The compound flocculants were produced easily, and during the flocculation process, all the flocculation ingredients settled down in the remaining sludge along with the bacteria screened from the activated sludge, without causing secondary pollution.
Bioflocculants (microbial flocculants) are produced by microorganisms during growth. 1) They include various extracellular biopolymers, including glycoprotein, protein, polysaccharide, and nucleic acid.
2) Numerous studies have reported that microorganisms, including fungi, bacteria, yeast, and algae, produce bioflocculants, but extensive research has been carried out only on single strains that can produce high quantities of bioflocculants or that exhibit better flocculating properties.
Wastewater is a very complex system, that contains numerous pollutants, and processing of if using a single bioflocculant has certain limitations, but, the use of composite bacteria fermentation media to obtain diverse bioflocculants has been observed to produce better treatment effects on the complex pollutant system. 3) In an earlier study, a compound bioflocculant, CBF-F26, produced by a mixed culture of Rhizobium radiobacter F2 and Bacillus sphaeicus F6, was investigated 4) and found to be thermostable and to exhibit high flocculation activity.
Response surface methodology (RSM) is a combination of mathematical and statistical techniques, that is used to analyze the effects of several independent variables on system response without the need for a predetermined relationship between the objective function and variables. 5, 6) This method overcomes the drawbacks of classical methods, and has been proved to be effective for optimization of target metabolite production. [7] [8] [9] In the present study, three bacterial strains from activated sludge of a printing and dye wastewater treatment plant were screened, and the flocculent rate of CBF-256 was found to be 69% despite the individual flocculation activity of the three bacteria (49%, 60%, and 48%), which was lower than that of the other bioflocculants. The purpose of this study was to apply the Plackett-Burman (PB) design, 10) followed by the path of steepest ascent experiment and RSM, to optimize the culture medium dosage to improve the CBF-256 flocculation rate using mixed culture. The major variable factors affecting the flocculation rate of the culture were investigated, and the flocculation conditions and properties of CBF-256 were examined.
Materials and Methods
Microorganism. CBF-256 was obtained by the use of three mixed bacterial strains, Bacillus sp., Enterobacter sp., and Aeromonas sp., by employing 16S rDNA sequencing analysis referencing the method of Shuang Li.
11)
Medium and culture conditions. The agar slant medium consisted of the following (g L À1 ): beef extract, 5; peptone, 10; NaCl, 5; and agar, 20. The seed and non-optimized primary fermentation medium contained the following (g L À1 ): glucose, 20; soluble starch, 4; K 2 HPO 4 , 5; KH 2 PO 4 , 2; NaCl, 0.1; (NH 4 ) 2 SO 4 , 0.2; urea, 0.5; yeast extract, 0.5; and MgSO 4 7H 2 O, 0.2. The initial pH was adjusted to 7.0-7.2 by HCl and/or NaOH throughout the study.
For seed preparation, the three bacterial strains were picked from the agar slant culture, inoculated into 50 mL of sterile seed medium in three 250-mL flasks, and incubated at 30 C at 160 rpm for 24-48 h, until each seed culture contained approximately 1:0 Â 10 7 cells per mL. Subsequently, equal volumes of the three seed media were mixed, and 2% (v/v) of the seed culture was inoculated into 50 mL of the fermentation medium in a 250-mL flask, and this was incubated at 30 C at 160 rpm for 48 h.
Measurement of flocculation activity. Flocculation activity was measured by a previously described method with minor modifications y To whom correspondence should be addressed. Tel: +86-20-39380623; Fax: +86-20-39380601; E-mail: g96123@scut.edu.cn Biosci. Biotechnol. Biochem., 77 (11), 2242-2247, 2013 with a suspension of kaolin clay as the test material. 12) Briefly, 5 mL of 1% (w/v) CaCl 2 solution and 2 mL of fermentation culture were added to 95 mL of kaolin suspension (5.0 g L À1 , pH 7.0). The mixture was stirred for 1 min and then incubated for 5 min. The optical density (OD) of the upper solution was measured at 550 nm with a spectrophotometer. A control was prepared in a similar manner, except that 0.2 mL of cell-free culture medium was added instead of the fermentation culture. Flocculation activity was calculated according to the following equation: 13) Flocculation activity ¼ ðB À AÞ=B Â 100% where A and B represent the OD of the culture sample and the blank respectively at 550 nm.
Growth flocculation curve of the single strain and composite strains. We cultured the three bacteria under pure and mixed conditions successively and measured flocculation efficiency every 6 h until significant reduction of fermentation broth was detected.
Experimental design and data analysis. PB design. PB design is a powerful tool used to screen n variables in only n þ 1 experiments. 14) Among the various nutritional requirements, carbon and nitrogen are generally regarded as important factors in metabolism, and several examples of metabolite production in media with optimized contents of these components have been described. 15, 16) Hence, carbon and nitrogen were chosen as the main factors in the PB design, and each independent variable was tested at two levels, high and low, denoted (þ) and (À) respectively ( Table 1) .
The experiments were performed in triplicate, and the average CBF-256 flocculation rate was used as the dependent variable. The design expert software package was used for multiple regression analysis of the experimental data obtained. Student's t-test was employed to determine the statistical significance of the regression coefficients, and Fischer's test (F) was employed to obtain the secondorder model equation. The multiple coefficients of correlation (R) and the determination coefficient of correlation (R 2 ) were calculated to evaluate the adequacy of the model.
Path of steepest ascent experiment.
A path of steepest ascent experiment was used to move rapidly towards the neighborhood of the optimum response area. The experiment was run to determine a suitable direction by increasing or decreasing the concentrations of the variables according to the results of the PB design.
Central composite design and RSM. RSM is an empirical statistical modeling technique that performs multiple regression analysis of quantitative data to solve multivariable equations simultaneously. 17) After identifying the critical medium components and the neighborhood of the maximum response region by the PB design and the path of steepest ascent experiment respectively, RSM was employed to optimize the component concentrations to maximize the CBF-256 flocculation rate.
Optimization of the flocculation conditions. Following RSM, the flocculation conditions were optimized by means of various volumes of the fermentation medium the ranging from 0.5 to 3.5 mL, the pH of kaolin suspension (4 g L À1 ) ranging from 3 to 10.
Flocculation characteristics of the CBF-256. The effects of metal ions on the flocculation activities of CBF-256 were also investigated.
Solutions of KCl, NaCl, MgCl 2 , CaCl 2 , CuCl 2 , NiCl, and ZnCl 2 were used as metal ion sources. Their concentrations were 10 g L À1 (w/v). After fermentation under optimized medium conditions for 48 h the culture was centrifuged at 8,000 rpm for 15 min, and the supernatant and cells were collected. Cold ethanol (4 C) was added to the supernatant at a ratio of 2:1 (v/v) stirring well. The precipitate was obtained by centrifugation at 8,000 rpm for 3 min and purified with distilled water, and this procedure was repeated 3 times. Subsequently the supernatant was dialyzed against de-ionized water overnight and then lyophilized to obtain the purified supernatant. This was dried at low temperature and then analyzed with a Fourier transform Infrared spectrophotometer (Bruker Vector 33, Germany). The sample was blended with KBr and passed into a disc for FTIR analysis. The spectrum of the sample was recorded on the spectrophotometer over a wave number range of 4,000-400 cm À1 under ambient conditions. The centrifugation sediment was dried by vacuum refrigeration. After drying of the composite bacteria, scanning electron microscopy (Car Zeiss EVO LS10 SEM, Germany) was employed for detailed examination of the composite bacteria.
Results and Discussion
Results of growth flocculation in pure and mixed culture
The flocculating activity growth curve of the single strain and the composite strains are shown in Fig. 1 . Flocculation activity increased with time increasing, ranging from 10% to 70%. The row order of flocculating activity was J-256 > J-5 > J-6 > J-2, which indicated that the composite strains were much better than the single strain. In the stabilization period, the flocculation substance quickly generated and flocculence improved rapidly, but then flocculating activity drastically decreased and composite bacteria J-256 decreased to 60%, while the single strain to about 30%. This might have been because the bacteria grew into a recession period, to nutrient depletion and to the fact that they could use only their own metabolites to maintain growth, leading to flocculation material consumption. Therefore, culturing for 48 h represents the best harvest time. Cultured for 30 h, the flocculating activity of the composite bacteria is higher than the flocculating activity of the singlestrain, showing the advantages of mixed bacteria.
Results of RSM and regression equation
Four factors were selected that significantly affected the flocculation rate ( Table 2 ). The results indicated that glucose, urea, yeast extract, and soluble starch had positive effects on the flocculation rate. Thus an increase in the doses of glucose, urea, yeast extract, and soluble starch should result in a higher CBF-256 flocculation rate. The center point of the PB design was considered to be the origin of the path.
18)
Based on the results of the path of steepest ascent experiment (Table 3) , a four-factor, five-level central composite design (CCD) with 30 experiments was carried out. As shown in Table 3 , run 5 appeared to be near the region of the CBF-256 response. Hence this point was chosen for further optimization of CCD.
The results of second-order response surface model fitting in the form of ANOVA are given in Table 4 . Since the p-value of the model was 0.0053, which is less than 0.01 and with a lack of fit p ¼ 0:1613 > 0:05, it was not considered significant, suggesting that this model is very significant. Hence the use of a higher number of items was considered unnecessary. Furthermore, the parameter of Adeq Precision ¼ 8:092 was much higher than 4, illustrating that the model can be used to predict an acceptable design region.
Based on the results presented in Table 4 , a regression model of the quadratic equation to describe the CBF-256 flocculation rate was developed as follows:
where Y represents the flocculation rate of the CBF-256, and A, B, C, and D denote the concentrations of glucose, urea, yeast extract, and soluble starch respectively.
Three-dimensional graph of RSM Three-dimensional response surface plots graphically represent the regression equations and are usually used to demonstrate the relationships between the response and experimental levels of a variable. These surface plots, therefore, allow visualization of the optimum levels of each variable for the maximum production of microbial metabolites. 19) 
Validation of the optimized condition
Based on medium optimization, the quadratic model predicted that the maximum flocculation rate of CBF-256 was 82.36%, while the A code level was À1.000, the B code level was À0.108, the C code level was Under optimized conditions, the observed average experimental flocculation rate of CBF-256 was 82:65 AE 1:5%, indicating that the experimental and predicted values (82.36%) of the CBF-256 flocculation rate were highly similar. Furthermore, the yield of the CBF-256 increased from 2.31 g L À1 under non-optimized conditions to 2.84 g L À1 under optimized conditions.
Flocculation characters
The flocculation characters, including metal ion effect, optimum pH and a volume of 1% (w/v) CaCl 2 , the flocculation efficiency distribution of the compo- nents of the culture broth, FTIR analysis of the supernatant, and SEM of the mixed bacteria were studied. In Fig. 3 , it can be observed that Ca 2þ , Zn 2þ , K þ , Cu 2þ , and Mg 2þ exhibited better effects on the flocculation rate than Na þ or Ni 2þ , and that Ca 2þ had the best effect on the flocculation rate. CBF-256 was observed to be cation-dependent. Its flocculation capability was strongly increased by Ca 2þ and Cu 2þ . It has been reported that cations improve flocculation ability by neutralizing the residual negative charge of the functional groups. 20) A previous study found that the flocculation activity of the bioflocculant from a haloalkalophilic Bacillus sp. was significantly enhanced by the addition of divalent cations such as Ca 2þ , Cu 2þ , Zn 2þ , Mn 2þ , Co 2þ , and Fe 2þ , and was decreased by the addition of Al 3þ , Fe 3þ , Ni 2þ , and Na þ . 21) This synergistic effect with cations on kaolin flocculation indicates that cationic effects are a result of neutralization of the zeta potential by decreasing the negative electrical charge of kaolin particles and the biopolymer flocculent. 22, 23) The optimum pH and volume of 1% (w/v) CaCl 2 are shown in Fig. 4 . The optimized volume of 1% CaCl 2 was 5 mL, and the most suitable pH was neutral. However, under acidic conditions, the flocculation rate was always upper than 80%. Thus it can be concluded that CBF-256 has a wide pH scope, and that the optimized volume of 1% CaCl 2 is 5 mL.
The flocculation efficiency distribution of the components of the culture broth is presented in Fig. 5 . The supernatant was found to play a major role in the flocculation process, while glucose, urea, yeast extract, and soluble starch exhibited low flocculation rates. Nevertheless, the composite bacteria still demonstrated a 40% flocculation rate. Hence the components of the supernatant were studied further.
The FTIR spectrum displayed clear absorption peaks at 3,421, 2,928, 1,641, 1,416, 1,024, and 577 cm À1 . Absorption of intermolecular hydrogen-bonded O-H stretching was observed at 3,421 cm À1 , and a weak absorption of C-H stretching in alkane was noted at 2,928 cm À1 . The peak at 1,641 cm À1 was the characteristic peak of C=O in amide, while that at 1,024 cm À1 exhibited absorption of C-N stretching in amine. Furthermore, the peaks at 400-1,000 cm À1 suggested the presence of halogenated hydrocarbon. Thus the FTIR spectrum of the bioflocculant indicated the presence of hydroxyl, alkyl, carboxyl, and amino groups, revealing that CBF-256 contains polysaccharides and proteins, in accord with the findings of Daolun 24) and Lu. 25) From Fig. 7 , it can be observed that many long rodshaped bacteria flocked together to form complex strains that produced polysaccharides and a small amount of proteins, which play major roles in the flocculation process.
Conclusion
The following conclusions can be derived from the present study:
Through RSM, the flocculation rate was improved from 69.00% (before optimization) to 82.65% (after optimization), demonstrating that the RSM is a very effective method to optimize the medium.
The results indicated that the optimization conditions for improving the flocculation rate of CBF-256 include the addition of metal ion Ca 2þ , 5 mL of 1% CaCl 2 , and 2.5 mL of fermentation culture medium. Furthermore, the flocculation efficiency distribution of the components of the culture broth revealed that the supernatant was the most effective component in improving the flocculation rate.
FTIR analysis indicated that the supernatant contained polysaccharides and proteins, and SEM observation revealed long rod-shaped bacteria.
